Regional measurements of the brain with posi tron emission tomography (PET) are typically given in units of tissue volume, even though the volume of space contributing to the measurements is fre quently comprised of both neural and non-neural elements. This problem arises due to the low spatial resolution of PET. Each pixel contains information about the activity of a much larger volume of space than indicated by the pixel size. If this larger volume contains regions of lower or no activity, the reconstructed activity of the individual pixel will be reduced (Hoffman et al. , 1979; Mazziotta et aI. , 1981) .
Although many researchers are aware of the problem of volume averaging in PET data, it is usually disregarded or merely mentioned as one factor that might bias regional measurements. Te ch niques for adjusting PET data for the effects of studies of aging and dementia. Previous attempts to cor rect for cerebral atrophy have been limited to global mea surements. Using computer simulations, we illustrate the effects of atrophy and describe a method for correcting regional PET data to represent units of actual neural tissue volume. Key Words: Alzheimer's disease-Atrophy-Demen tia-Normal aging-Positron emission tomography.
volume averaging have been suggested for cor recting measurements of geometrically simple structures (Hoffman et al. , 1979; Mazziotta et al. , 1981; Kessler et al. , 1984; Bice et al. , 1987) . Clark et al. (1987) have suggested that cerebral atrophy should be controlled for by selecting subjects that have comparable amounts of cerebral atrophy. Where this is not possible, they suggest testing the correlation between the amount of atrophy and variations in PET measurements.
There have been attempts to correct PET data to represent measurements in units of actual tissue volume, but these have been limited to global mea surements (Herscovitch et al. 1986; Chawluk et al. 1987) . Essentially, these methods sum the total PET activity over several brain slices and divide that activity by the total brain tissue volume mea sured with x-ray computed tomography (CT). As noted by these authors, this approach cannot be used for regional measurements. Dividing the PET activity within a region of interest drawn on a PET slice by the tissue volume measured from the com parable region drawn on a CT or magnetic reso nance image (MRI) will not give an appropriately corrected measurement because the activity mea sured within the region of interest on the PET image is significantly influenced by tissue outside of the delineated region of interest on the CT or MRI image. This noncorrespondence of regional information occurs because the spatial resolution of PET is roughly an order of magnitude poorer than that of CT or MRI.
We illustrate here the effects of volume averaging in PET in a brain phantom in which one hemisphere is normal and the other hemisphere has simulated cerebral atrophy. We then describe a technique for correcting the PET data on a pixel-by-pixel basis for the volume averaging effects from non-neural elements using information from either CT or MRI. Finally, we illustrate how this correction improves the accuracy of the measurements.
It is important to note that this technique does not correct for volume averaging effects between gray and white matter elements. Also, though we have chosen two-dimensional simulations to illus trate the correction technique, it must be empha sized that the correction must be applied in three dimensions on actual images. The additional re quirements for three-dimensional correction are outlined in the discussion.
MATERIALS AND METHODS
Computer simulations were performed on a brain phantom consisting of a digitized representation of a brain slice with 2.7 x 2.7 mm pixels. White matter and gray matter pixels were assigned values in the ratio of 4: 1. This is representative of activity ratios found in au toradiographic measurements of cerebral blood flow and metabolism (Kennedy et aI., 1978; Sakurada et aI., 1978) (Fig. lA) . The right half of the phantom was initially made symmetric to the left half. Cerebral atrophy was simulated by altering pixel values along three major sulci in the right frontal lobe to expand the volume of the sulci by eliminating both gray and white matter.
Simulations of PET images were based on the recon struction characteristics of PETT VI in the low resolution mode, which we currently employ for studies of the human brain (Ter-Pogossian et aI., 1982) . The radial dis tribution of activity in PETT VI images of axial line sources is very nearly gaussian, with a full width at half maximum (FWHM) of 18 mm (unpublished data). For our simulations, we treated the point-spread function as ex actly gaussian, and we arbitrarily restricted the simula tions to two dimensions in order to illustrate the correc tion algorithm. The PET simulations are created with a two-dimensional convolution of the phantom with a gaussian function with 18 mm FWHM (Fig. lB) . We have also simulated some PET images using a gaussian func tion with 10 mm FWHM in order to examine the effects of atrophy and atrophy correction that would be seen with a PET scanner operating at a higher spatial resolu tion.
Atrophy correction requires a high resolution CT or MRI image with sufficient contrast resolution to discrimi nate brain and nonbrain areas. The phantom served this purpose for the simulations. Using it, we created an image of tissue volume by assigning pixels that represent brain tissue a value of 1 and pixels that represent cerebro spinal fluid (CSF) or nonbrain areas a value of 0 (Fig.  lC) .
This tissue-volume image was convolved with the two-dimensional gaussian point-spread function to yield a corrected tissue image (Fig. ID) . In this corrected tissue image, the value of each pixel represents the relative volume of tissue that contributes to the activity measured at each corresponding pixel in the PET image. Where the total volume affecting a reconstructed PET pixel is filled with brain tissue, the pixel value will be 1. Where por tions of the volume affecting a PET pixel contain CSF or are outside the brain, the pixel value will be less than 1.
Each pixel in the PET image was divided by its corre sponding pixel in the corrected tissue image to yield a corrected PET image. Each pixel is now scaled to the actual tissue volume whose activity it represents ( The mean regional value for regions of interest on a corrected PET image was computed using the standard PET image and the corrected tissue image, rather than directly from the corrected PET image (see Discussion). We first computed the total PET activity within the re gion of interest on the standard PET image and the total corrected tissue volume within the same region on the corrected tissue image and then divided the former by the latter.
To test the effectiveness of our atrophy correction technique, we examined several regions defined on the left (normal) and right (atrophied) hemispheres. Four re gions selected to illustrate our results are defined in Ta ble 1 and are outlined on the phantom in Fig. 2 . Regions 1 and 2 are small, symmetric cortical regions located at the edge of the brain. Region 2 is at the end of a shrunken gyrus, where the effects of volume averaging from sur rounding CSF will be most pronounced. Regions 1 and 2 were drawn to contain identical numbers of gray and white matter pixels and, hence, identical amounts of ac tivity. Regions 3 and 4 are larger, symmetric regions within the frontal lobes. They were drawn to contain identical proportions of gray and white matter pixels and to exclude all non-neural pixels.
Four additional regions were selected to examine the effects of volume averaging between regions of high and low activity (i.e., gray and white matter) for which no correction is included in our atrophy correction algo rithm. Regions 5-8, described in Ta ble 1 and illustrated in Fig. 2 , are examples of pure gray or pure white matter regions surrounded by large areas of either predomi nantly gray or white matter.
The effects of misalignment between the PET image and the tissue-volume image were tested by shifting the phantom by increments of 0.5 mm (using linear interpola tion to create new 2.7 x 2.7 mm pixels) over a range of 3.0 mm and also by 2.7 mm (one whole PET pixel) in each direction. These shifted phantoms were convolved with the two-dimensional gaussian point-spread function and then divided by the unshifted corrected tissue image to create corrected PET images. Regions defined on the unshifted tissue image were then evaluated using the shifted PET images and the unshifted corrected tissue image.
RESULTS
Ta ble 2 lists the measured activity in the regions of interest examined on the phantom .'lnd PET sim ulations. Regions 1 and 2 have identical activity (719) in the phantom (Fig. 2A) . In the simulated PET image with 18 mm FWHM (Fig. 3A) , the mea sured activity of both regions is significantly less due to volume averaging. Moreover, the measured activity in region 2 in the simulated PET image is 30% less than that of region 1. In the atrophy-cor rected PET image (Fig. 3C) , the regional values for regions 1 and 2 become nearly identical (695 and 693, respectively) and much more closely approxi mate the true activity of these regions in the phantom.
Regions 3 and 4 also have identical activity in the phantom (Table 2 and Fig. 2B ). The measured ac tivity of both regions is less in the simulated PET image with 18 mm FWHM (Fig. 3B ). Here again, the region in the hemisphere with atrophy is less (-13%) than the region in the normal hemisphere.
In the corrected PET image (Fig. 3D) , the regional values become more nearly identical, differing by only 3%. The effect of atrophy is just as pronounced for these four regions in a PET image with increased spatial resolution. Figure 4 illustrates the four re gions on a simulated PET image with 10 mm FWHM. The mean regional value for region 2 is 28% less than that of region 1, and the mean re gional value for region 4 is 14% less than that of region 3. In the corrected PET image, the regional values become more nearly identical (within 7% for regions 1 and 2 and 1% for regions 3 and 4). The atrophy correction algorithm described here does not correct for volume averaging between re gions of high and low activity. This can be seen by examining regions 5-8 ( Table 2 ). The mean regional value for region 5, a white matter region located in The size is given as the total number of pixels followed by the number of gray/white/nonbrain pixels. The first four regions were defined as matched pairs for the two hemispheres with identical proportions of gray and white matter. Values for the phantom represent the true values. Values for PET and corrected PET are from computer simulations described in the text. Gray-matter activity was defined as 1000 and white-matter activity was defined as 250 in the phantom. the center of a large volume of white matter, differs from the true value by 36% and 17%, respectively, for low and high resolution PET images. However, the mean regional value for region 6, a white matter region surrounded by a large volume of gray matter, differs from the true value by 165% and 128%, respectively, for low and high resolution PET images. There is little or no difference be tween the mean regional values of these internal brain regions in the standard and atrophy-corrected PET images.
An analogous effect is seen for pure gray matter regions 7 and 8. For region 8, a gray matter region located within a large volume of gray matter, the mean regional value differs from the true value by only -18% and -4%, respectively, for low and high resolution images. However, when the gray matter region is surrounded by a large volume of white matter (region 7), the mean regional value differs from the true value by -58% and -55% for low and high resolution images, respectively.
The simulations described thus far have assumed perfect alignment of the PET image with the tissue image. With actual data, the alignment undoubtedly will vary. We examined the effects of misalignment on regional values for small and large regions near the edge of the brain (regions 1-4) . The results for the two regions in the hemisphere without atrophy (regions 1 and 3) are illustrated in Fig. 5 for cor rected PET images with two different spatial reso lutions. Mean regional values for small regions near the edge of the brain (regions 1 and 2) differed by 5-11% for the corrected PET image with spatial resolution of 18 mm FWHM when the PET and tissue images were misaligned laterally by 2. 7 mm (one full PET pixel). For the 10 mm FWHM cor rected PET image, mean regional values differed by 3-9% for the same amount of misalignment.
For larger regions, the effect of misalignment was much less. The mean regional values differed by 0.3-2.3%for regions 3 and 4 on the 18 mm FWHM corrected PET image misaligned with respect to the tissue image by 2.7 mm and by 0.9-2.1% for re gions 3 and 4 on the 10 mm FWHM corrected PET image. erate atrophy can significantly reduce mean re gional values even when the region itself is com pletely filled with brain tissue. This effect is greatest for small regions adjacent to nonbrain tissue, but is appreciable even for large regions. A number of PET studies have reported reduced re gional PET activity in subjects with aging or de mentia (see Frackowiak et aI. , 1981; Kuhl et aI. , 1982; Benson et aI. , 1983; de Leon et aI. , 1983; Friedland et aI., 1983; Foster et aI. , 1984; Pantano et aI. , 1984; Duara et aI. , 1986) . However, in creased ventricular and sulcal size is also asso ciated with normal aging and dementia (see Gado et aI. , 1982; Damasio et aI. , 1983; LeMay, 1984 LeMay, , 1986 Schwartz et aI., 1985; Pfefferbaum et aI. , 1986) . Al though these PET studies demonstrate significant differences from normals, it is impossible to deter mine the extent to which reduced PET activity represents reduced tissue blood flow or reduced metabolism and the extent to which it is simply a measure of the amount of tissue atrophy when in vestigators have not attempted to correct for the ef fects of cerebral atrophy on regional measurements. The atrophy correction method described here converts PET measurements from units per volume of space to units per volume of tissue on a pixel-by pixel basis. This is an important first step to obtaining accurate comparisons of PET measure ments between subjects with and without cerebral atrophy. Moreover, this correction method also allows for more accurate comparisons within single normal subjects between regions that are posi tioned at different locations with respect to the ven- Regional measurements on standard PET images are given as the mean of the pixel values contained within the region. For corrected PET images, it is more appropriate to take the total activity within the region on the standard PET image and to divide this by total tissue volume within the region on the corrected tissue image to compute the mean re gional value of corrected PET activity. Because PET images have low spatial resolution and noise from Poisson counting, scattered photons, and random coincidences, individual pixel values are not particularly meaningful. When PET values are corrected for the relative amount of tissue volume contributing to their activity, the noise inherent in the PET pixels can be accentuated by over-and un dercorrection of individual pixels at brain/nonbrain borders due to image misalignment. By first com puting the total regional PET activity and then di viding this by the total regional tissue volume, a mean regional value is obtained that is less suscep tible to pixel-to-pixel variations in corrected ac tivity.
DISCUSSION
One of the consequences of volume averaging in brain regions with expanded sulci is that it alters the apparent location of the edge of the cortex as judged from the PET image (see regions 2 and 4 in Fig. 3A and B) . If one were drawing regions of in terest on these images without knowledge of the underlying tissue, it is likely that the region defining frontal cortex would be positioned more toward the center of the image. This would result in a higher estimate of the regional activity than from regions placed knowing the true location of the cortex. As a result, there would be less of a difference in the re gional values between brains with and without at rophy. Therefore, although cerebral atrophy re duces uncorrected regional PET measurements, this reduction may be obscured when regions are drawn directly on the PET images.
Correction for atrophy alone leaves the problem of volume averaging between brain structures with high and low activity. When the corrected and non corrected PET images in Figs. 3 and 4 are com pared, the marked recovery of activity at the edges of the brain is contrasted with the lack of any im provement in the central regions of the brain, as one would expect, since the method treats all types of tissue equally. One can rely on the methods de scribed here to obtain reasonably accurate regional comparisons of PET values if the regions to be compared are selected so as to contain equal pro portions of gray, white, and extraneural elements and to be adjacent to areas of similar tissue compo sition. The slightly closer approximation to the true regional values for regions 2 and 4 in the simulated 18 mm FWHM PET image as compared to the 10 mm FWHM PET image is due to an interaction be tween the image resolution and the spatial distribu tion of the gray and white matter pixels. In the lower resolution image, the activity of white matter pixels is overestimated to a greater extent than the activity of gray matter pixels is underestimated. Despite the substantial improvement in estimating regional values with this correction technique, volume averaging between tissue elements with dif fering activities will still cause some inaccuracies.
An alternative to careful selection of regions might be to add a gray/white correction factor to the corrected tissue image. This is more compli cated due to significant additional assumptions that are required, yet it might yield substantial improve ments in regional PET measurements. Pelizzari and Chen (1987) have been able to align PET and CT images to within an accuracy of 3 mm using a surface fitting method. Our simulations show relatively small variations in mean regional values on PET images misaligned by this amount. Mean regional values for images misaligned by one PET pixel (2. 7 mm) differed from precisely aligned images by less than 11% for small regions (14 x 14 mm) located at the edge of the brain and by 2% or less for the larger regions more commonly used with PET to examine the effects of aging and de mentia.
The computer simulations demonstrate both the effects of atrophy on regional measurements as well as a method to correct for them. The simula tions are based on two-dimensional images and an idealized approximation to the point-spread func tion of PETT VI. Implementing this method would require the following modifications. First, atrophy correction of a single PET slice requires multiple, contiguous MRI sections spanning a large enough axial distance to include all space capable of signifi cantly influencing the measured activity in the PET slice and with adequate spatial and contrast resolu tion in all three dimensions to resolve brain tissue from nonbrain tissue. Second, the MRI images must be scaled and rotated until they are in register with the PET images. If the MRI scanner used has significant spatial distortions, these must be taken into consideration while aligning the images. Third, although MRI images can be obtained that delin eate brain tissue from surrounding CSF, an algo rithm must be developed to assign a brain tissue content value to each pixel in an MRI image. Fourth, the point-spread function of the particular PET must be carefully measured in all three dimen sions. The measured values of this function are then convolved in three dimensions with the tissue image at each point to obtain a corrected tissue image corresponding to a particular PET slice.
We expect these technical difficulties to be sur mountable, and we believe that this atrophy correc tion method will allow for meaningful physiological assessments of regional flow and metabolism using PET on subjects with brain atrophy. In addition, this correction will allow for more meaningful com parisons between different regions within normal subjects.
